In this paper, simulation codes for Beam Delivery Systems in linear colliders are discussed. Several tracking codes are available for particle tracking. They do not normally include precise calculation of the beam-beam effect, with accounting for pinch, hour-glass, pair production. They provide instead the particle distributions at the interaction point, after tracking through the different components of the linear collider. Other simulation programs must be used to compute precisely the beam-beam interaction. The traditional approach is to use the output bunches from the tracking codes as input for the beam-beam programs. Several tools suitable for advanced luminosity studies are presented. The use of these codes is put into perspective, treating in detail the example of the Compact LInear Collider (CLIC) beam delivery system (3 TeV option).
INTRODUCTION
All projects of future linear collider aim at high luminosity, from 0.5 ×10 34 cm −2 s −1 to 1.0 × 10 35 cm −2 s −1 , for beam energies from 0.25 TeV to 1.5 TeV. Very small beam sizes are required to achieve such luminosity performance. In particular, the aimed vertical RMS spot sizes must be in the 1 nm to 5 nm range. As no test facility is presently available to prove experimentally the feasibility of these parameters, realistic predictions of the machine performance must fully rely on measured component stability and on advanced simulation codes for particle tracking and luminosity calculation. The comparison of different codes is useful to assess the confidence in the simulation results.
In this paper, several tools available for luminosity studies for linear colliders are presented and compared. As a case study, the beam delivery system of the Compact LInear Collider (CLIC) is treated in detail. This work continues and completes the results presented in [1] . In Section 2, an overview of the considered codes is given. In Section 3 the parameters of the CLIC lattice are listed and the simulation set up is described. Section 4 shows some examples of the tracking results, in terms of particle distribution at the IP. In Section 5 and Section 6, a detailed comparison of beam sizes and luminosity performance as calculated with the various codes is given. Then, in Section 7 some conclusions are drawn. * PhD student of the University of Lausanne, Institut de Physique des Hautes Energies (IPHE), Switzerland.
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SIMULATION CODES
Four codes for particle tracking through Beam Delivery Systems (BDS) of linear colliders have been considered:
• MAD is a general all purpose simulation code developed at CERN [3] . The version 8 was used. Tracking is performed using the Transport formalism [7] .
• The program DIMAD [4] tracks trajectories of the particles according to a second order matrix formalism similar to Transport. DIMAD can simulate synchrotron like MAD. Release 2.8, available from the SLAC website [8], has been used.
• Merlin is a C++ class library for performing charged particle accelerator simulations [5] . It was developed at DESY for the simulations of linear collider beam dynamics but is also used for simulation of storage ring physics. Merlin performs tracking using firstand second-order transport matrices for quadrupoles and sextupoles. Higher order multipoles are treated as thin lenses (kick applied in the middle of the magnet).
• Placet is a tracking program originally conceived for linac simulations [6] . Recently it has been upgraded to include high order multipoles and synchrotron radiation and was used for the simulations of a whole linac and beam delivery system. It can handle both a ray and a macroparticle description of the beam; see also [9] .
All the above programs provide six-dimensional particle distributions at the IP, but do not perform detailed beam-beam calculations. In order to include the relevant effects of the beam-beam interaction, such as hour-glass, pinch, beamstrahlung and e + e − production, the tracking programs have been interfaced with GuineaPig [10] . This programs provides a full simulation of the two beam interaction at the IP, including all the mentioned effects. The interface between the tracking codes and GuineaPig has been done off line. The only exception is Merlin (Linux version), which can invoke directly GuineaPig via a series of scripts. (Similar simulations have also been setup at SLAC [11] ).
Even though in this paper the attention has been focused on beam delivery systems only, it should be mentioned that the above programs can be used also for linac simulation. Some results on the code comparison for full linac simulations can be found in [16] . Synchrotron radiation was not included in this comparison. DIMAD has been nicely interfaced with LIAR, a program for the linac tracking [12] , and GuineaPig for IP simulations. All codes have been implemented into the commercial program MatLab [13, 14] . A similar interface has also be done for Merlin (see, for instance, [15] 
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The beam line used for luminosity calculations and for comparing the simulations codes is shown in Fig. 1 . The latest design of the CLIC beam delivery system has been considered. This is a Raimondi-like compact design [24] and was first presented at LC02 [18] . More details about it can be found in [19] and in these proceedings [20] . This lattice contains both the final focus telescope and the collimation system. It has about 60 quadrupoles, 11 sextupoles and two octupoles. The main parameters of the beam at the BDS entrance are listed in Table 1 .
The main differences with respect to the old design, previously used for comparing tracking codes [1] , are the following: (1) The system is considerably shorter, 2.55 km instead of 6.2 km. This improvement was obtained mainly with a reduction of the collimation system. The final focus section is instead unchanged. Table 1 were tracked through the CLIC BDS with each code. The output bunches were then used for computing the luminosity with GuineaPig. The various programs require different input formats. In order to obtain a homogeneous set of data to be compared, exactly the same sets of particle distributions and initial coordinates were used for each code.
Five sets of 50000 particles were tracked. In order to obtain reliable luminosity results with GuineaPig. For each particle set, the beam sizes and the luminosity were calculated. In the following, the average of all sets will be considered. An estimate of the error on beam sizes and luminosity was obtained as the standard deviation of the five sets divided by √ N − 1=2, where N =5 is the number of sets. The cases of perfect bunches and of bunches with an energy spread were considered. For the latter synchrotron radiation emission in dipoles, quadrupoles and sextupoles was optionally included in the simulations.
The considered programs use different models for the synchrotron radiation. MAD uses the model of [21] and accounts for energy losses due to photon emission by artificially re-accelerating the beam after each element. So the beam maintains the nominal mean energy and is always matched with the downstream lattice. DIMAD features several options for the synchrotron radiation. The so-called "option 11" was used. It implements the routine described in [23] and does not account for the beam energy losses. Both Merlin and Placet use the Monte Carlo generator of [22] . Merlin allows a rescaling of the magnet strength according to the actual beam momentum. Placet can simulate both beam re-acceleration and magnet rescaling. The comparison between these models will be discussed later. 
RESULTS OF THE SIMULATIONS
Here, some results obtained with Merlin are presented. The other codes are in qualitative agreement. A detailed quantitative comparison will be left for the following section. In Fig. 2 the beam transverse profile at the IP is shown for the cases with and without energy spread and no synchrotron radiation. If energy spread is taken into account, Figure 4 : Transverse beam profile at the IP as calculated with Merlin. The synchrotron radiation in dipoles, quadrupoles and sextupoles is included. Gaussian fits to the projected particle distributions is also shown. beam halos appear at amplitudes much larger than in the ideal case. This is also shown in Fig.3 , where the horizontal x-x distribution is given for a larger x axis. Particles are found even at amplitudes larger than 1 µm, while the horizontal beam size is about 40 nm. In Table 2 the number of particles with amplitudes larger than 3 and 6 sigmas is shown, for a bunch with energy spread, with and without synchrotron radiation. According to Merlin calculations, in the vertical direction, 15 % of the initial particles have amplitude larger than 3 σ and 7.7 % larger than 6 σ. On the other hand, for an ideal bunch without energy spread, the particles at amplitude larger than 3 σ are no more than 1 %, as expected from statistical fluctuations. The large population of the bunch tails is peculiar for this design of the final focus and was not found in the previous design [1] . In Fig. 4 the transverse beam profile is shown for the most realistic simulated case, i.e. for a bunch with energy spread and with synchrotron radiation. The histograms of the horizontal and vertical particle distributions are also shown. These histograms have been fitted with Gaussian distributions. The fit shows that the distributions are not Gaussian and that there are long particles tails at amplitudes of several sigmas. The plots also show that the width of the fitted Gaussian distribution is considerably smaller than the standard deviation of the particle positions. The effective beam size obtained from the Gaussian fits is still quite small. For instance, in the vertical plane the standard deviation of the particle position is 4.1 nm, but the effective beam size is 0.7 nm. More details on this aspect are discussed in the next Section.
COMPARISON OF THE TRACKING RESULTS
For Gaussian-like particle distributions, the beam size can be simply estimated with the standard deviation of the particle positions. Indeed, this parameter has been previously used to compare the tracking results from different codes [1] . In Table 3 the results obtained with the various codes for the lattice of Fig. 1 are summarized. The beam sizes at the IP are listed for the cases of a perfect bunch, for a bunch with energy spread and for the case with synchrotron radiation. Regardless of what was found for the previous CLIC BDS design, in this case considerable differences between the various codes are found. For instance, for a bunch with energy spread, MAD gives smaller beam sizes than the other codes. When synchrotron radiation is considered, Merlin seems instead to disagree from the others. Discrepancies up to 30 % are found.
The standard deviation of the particle positions does not give a good estimate of the beam size for non Gaussian beams, like the ones that are obtained at the end of the CLIC BDS. It has been shown in Section 4 that the beam tails are populated by about 10 % of the total bunch particles. The value of the standard deviation is much affected by few large amplitude particles, for which the code prediction is more difficult. Therefore, it is better to estimate the beam size with a Gaussian fit. The width of the fitted Gaussian provides a better estimate of the beam core, which actually matters for the luminosity performance. The beam sizes calculated with a Gaussian fit after tracking with the considered programs are given in Table 4 .
The beam sizes obtained from the fit are much smaller than before. For the realistic case of energy spread and synchrotron radiation, the beam size is about 55 nm × 0.7 nm (horizontal × vertical). These values are in good agreement with the effective beam sizes that determine the luminosity, as calculated in [25] . This justifies the previous statement that the Gaussian fit gives a good estimate of the beam size for non Gaussian particle distributions.
In Fig. 5 and 6 the data of Table 4 are summarized in a graphical way. For the considered cases (three columns of Table 4 ), the average beam sizes are plotted for each code. The errors are small with respect to the considered scale and are omitted. These plots show the differences and, in addition, show the increase of the beam sizes due to energy spread and synchrotron radiation. The vertical beam sizes calculated with MAD for the case without synchrotron radiation show larger discrepancies with respect to the results from the other codes. The source of these discrepancies has not been understood yet. For the other cases, the agreement between the codes is quite good. There are not significant differences for the simulations with energy spread but without synchrotron radiation. With synchrotron radiation discrepancies of up to 6% and 17% are found for the horizontal and for the vertical planes, respectively. These differences, which are still relatively small, might be explained by the different implementation of modeling the photon emission. This is treated in more detail in the next session.
COMPARISON OF THE PREDICTED LUMINOSITY PERFORMANCE
Here, the results of the luminosity calculation obtained with GuineaPig are given. GuineaPig was interfaced with all the above tracking codes and used the output bunch + e − pair production were all included in the simulations. In Table 5 the results are summarized. The luminosity is shown only for the cases with energy spread and synchrotron radiation. The average of five sets of 50000 particles is shown.
MAD, DIMAD and Merlin implements different models for the synchrotron radiation, as mentioned in Section 2. In addition, they treat the compensation for energy losses due to photon emission differently, and this leads to slightly different lattice configurations. MAD re-accelerates the beam to maintain its mean energy, Merlin rescales the magnet strength according to the actual beam energy and DIMAD does not do any compensation. Placet was adapted to simulate all the above compensation schemes of the beam energy losses. Therefore its corresponding results are compared with the ones from the other codes, respectively. Table 5 suggests that the differences between the various codes are mainly induced by the different kind of compensation for the energy losses due to photon emission. Differences up to 16 % are found, corresponding to a luminosity The model based on the magnet rescaling is supposed to better simulate the tuning of a real machine. It is the one that results in the smallest value of the luminosity. For CLIC, the value 0.7 × 10 35 cm −2 s −1 was found. However, the lattice has been designed using MAD; so the MAD result should be regarded as the reference design value since the lattice was optimized for this case.
CONCLUSIONS
In this paper, several codes for luminosity studies have been presented. Detailed calculations have been performed for the case study of the CLIC beam delivery system. Different tracking codes were used to obtain the particle distributions at the IP, which were then used as input for a program of luminosity calculation.
The analysis of the particle distributions after tracking has revealed considerable differences in the prediction of the tail population for the tracking codes considered. Generation and transport of beam tails can be important for collimation and background issues. They do not seem to be treated sufficiently well by the codes presently available, even when synchrotron radiation is not taken into account.
On the other hand, the luminosity predictions from various codes are in a much better agreement. If the same model for the synchrotron radiation is used, differences are within a few percent. This depends on the fact that the ultimate luminosity is not affected much by the few tail particles. Luminosity is in fact mainly determined by the bunch core, the effective size of which is well represented by a Gaussian fit of the particle distribution. The standard deviation of particle positions, often used as estimate of the beam size, has proven not to characterize properly bunches with long tails. The different models for synchrotron radiation show discrepancies as big as 0.11 × 10 35 cm −2 s −1 (up to 16 % of the absolute value).
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